Spin Fluctuations in the Underdoped High-T c Cuprate Lai .93Sr .07CuO4 
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We performed magnetic inelastic neutron-scattering experiments on Lai.g3Sro.o7Cu04 over a wide 
range of ui and T ; 2 < u < 44 meV and 1.5 < T < 300 K. The dynamic susceptibility x"(Qi u ) 
of this underdoped high-T c superconductor (T c = 17 K) is characterized by broad, incommensurate 
peaks. Here, the incommensurate wavevector <5 W is approximately 0.07 reciprocal lattice units at 
low T and uj. The superconducting phase does not possess an observable gap in the spin excitation 
spectrum down to at least 2 meV. Scaling behavior is demonstrated for the Q-integrated energy 
spectrum x"(^)t with respect to (w/keT). This scaling establishes a connnection between the 
magnetic excitations of the compositions on either side of the insulator-superconductor boundary 
in the L^-iSr^CuCU phase diagram. We note a possible cross-over from an incommensurate to a 
commensurate response for uj > 20 meV or T > 300 K. 

PACS numbers: 



I. INTRODUCTION 

Magnetic inelastic neutron-scattering (INS) experi- 
ments have been performed to investigate. .-Jthe rela- 
tionship between high-T c superconductivityJJEI and the 
strong two-dimensional (2D) spin fluctuations of the 
C11O2 plane. It is well known that inelastic magnetic 
peaks appear at incommensurate positions in momen- 
tum space for La2- x Sr x Cu04 (LSCO) superconductors. 
Recently, Yamada et al. systematically studied the low- 
energy magnetic excitations by using crucible-free high- 
quality single crystals .0 They found a direct proportional- 
ity between the hole concentration (x), dynamic incom- 
mensurability (Su), and T c for the underdoped super- 
conductors. There is also a clear gap in the low-energy 
spin excitations for optimally doped Leu j^Si'o.isCuC^ 
and slightly over-doped La1.82Sro.i8CuO4.QEl These latter 
compounds do not possess static magnetic order. 

Recent elastic neutron-scattering experiments revealed 
that incommensurate static magnetic correlations exist 
in the Cu02 planes for both the spin-adass insulatorsETEl 
and the underdoped superconductorsoli3. A remark- 
able feature is that the positions of the incommensurate 
peaks change dramatically as a function of hole concen- 
tration at the insulator-to-superconductor boundary of 
x CI ~ 0.055.LI That is, the incommensurate wavevector is 
approximately parallel to the Cu-O-Cu direction in the 



superconductors, but is at 45° to this direction in the 
insulators. At the special doping level of x — 0.12, the 
incommensurate peaks are resolution-limited, indicating 
that the spins are correlated over distances exceeding 
200 A within the CuC>2 plane, and the peaks appear 
below T c .ElO. For the materials with static order, the 
inelastic scattering peaks occur at the same positions as 
those of the elastic peaks within error. 

Neutron experiments with high transferred energies 
have focused primarily on |antifcrromagnetic LCOEjEj 
and optimally doped LSCOli-slij. To-date, few detailed 
studies of the high-energy spin fluctuations have been 
reported for LSCO superconductors near the insulator- 
superconductor boundary of the phase diagram. The 
non-superconducting spin-glass compositions have been 
carefully studied by Keimer et alS3 and Matsuda et a/.EJ 
for Lai.96Sro.o4Cu04 and Lai.gsSro.o2Cu04, respectively. 
They observed commensurate spin fluctuations for uj > 3 
meV and demonstrated scaling behavior of x"( w ) with 
respect to the variable (w/IjbT) over a wide range of T 
and uj. 

We have performed a systematic study of the spin 
fluctuations in Lai.g3Sro.o7Cu04 to explore the behavior 
of x"(q, oS) in a system with hole concentration slightly 
above x cr . We find that the magnetic-excitation spec- 
trum is gapless. Also, the uj and T dependences in- 
dicate scaling behavior similar to that in the lightly- 
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FIG. 3. Temperature variation of low-energy incommen- 
surate peaks with uj — 4 meV. The solid lines show the results 
of resolution-convoluted fits by using the same condition for 
the peak widths, as the fits depicted in Figs. |^(a) -^(d). The 
horizontal short bar represents the instrumental q resolution. 
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For the initial data analysis, we allowed the parameters 
6^, K u , x"(u) and a sloped background along q 2 D to vary 
independently. However, in the high-cj or high-T region, 
the fits do not converge uniquely; a large K u or a small S u 
can be invoked to describe the data. In order to be sys- 
tematic and obtain physically consistent fits, we assumed 
a smooth increase in K u ,t with increasing u> and temper- 

2 [(k B T/E T ) 2 + (u/E u ) 2 ] 



ature: (^,t) 2 = (#0,0) 2 
with K = 0.065 A" 



a 



3.79 A and Ei 



=r E u — 

85 meV. This form was used by Aeppli et aZ.Ej to ex- 
plain the peak widths observed in Lai.86Sro.i4Cu04. The 
above expression for Lai.93Sro.o7Cu04 describes the over- 
all behavior of K^^t fairly well. The fits to the q 2 D spec- 
tra are shown in Figs. g(a) - ||(d) and ||. Xq.o corre- 



sponds to Kg 



7% 



0.042 A -1 . The extrapolated value 



is compatible with the value obtained for 



7% 



from 



the elastic scatterin, 
-1 



«o 4% = 0.022 A" 



at low uj and low T.I 



but it is about twice as large as 



and k 



0.02 A" 1 found 



4%,2.4% 
T 

As a further comparison, Fig. |^(a) 
also displays the sharp incommensurate peaks observed 
in Lai.88Sro.i2Cu04 (T c = 31 K), which are much nar- 
rower than those we find in Lai.g3Sro.o7Cu04 
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FIG. 5. u dependence of (a) S(u)t and (b) 
solid line for x"(w)i.5k represents the addition 
tive damped Lorentzians; w ^ n=L h c "^"/ " 
the characteristic energies Pl and Th were arbit 
to be 2.5 and 60 meV, respectively, with the r< 
cients cl/ch of 2. The broken lines in (b) show 
evoluition calculated by x' (lj)t = x"(^)i-5k/ (r. 

The T dependences of x"( u )t and S(u)t ■ 
in Figs. 4 and 5 for various values of ui. 
the q2D integration of S(q,u), and depend 
T. A remarkable feature of x"(o;)t is that 
fluctuations grow significantly with decreasi 
is in contrast to the complete gap seen in 
D tifji spectrum of the optimal superconducto 
in Fig. 5 also indicate that the spectral w< 
high-energy range (> 20 meV) is nearly ( 
tends to increase slightly with increasing c 
x"{oj)t as a function of the scaled variable 
D Fig. 6(a). The data with u < 20 meV (c 
roughly show a maximum at (w/keT) ~ 10. 
ior is similar to that in YE^CusOe+x (YBC 
0.4 located near the antiferromagnetic-supe 
phase boundary. 24 Higher-energy excitation 
cles) are also shown. Figure 6(b) shows 
viriied by an w-dependent normalization fact< 
atT = 1.5 K. 1 ^ 17 

□ □ 
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FIG. 7. (a) Peak-width parameter K w% t wh« 
tion is used in the q-profile fits. A smooth incr 
against u and T (a curved line) is assumed in tl 
ysis. (b) Resolution-corrected incommensurabili 
on the above assumption for K u ,t, a significant 
is deduced. If the peak width is held constant (/c a 
= 0.047 A -1 , K u = 0.073 A" 1 ), then S u so-ded 
non-zero up to the highest energy measured. 
bars.) 

Of particular interest is the energy scak- 
namic incommensurate correlations. The sce 
files evolve from a well-resolved, double-p( 
ture at low temperatures and energies to a t 
peaked structure with increasing uj and T. A 
we cannot say with certainty that an incon 
to-commensurate cross-over exists. Howev< 
analysis of the data points in this direct 
assume that K^t evolves smoothly with '. 
in the top panel of Fig. 7, then the deta 
vealed that 5 W goes to zero at around u 7% 
at low T as plotted in the lower panel, 
scale of a^out 20 meV is reasonable in li; 
lar incommensurate-to-commensurate cross- 
ior seen in other LSCO compounds: oj 2 a% 
uj w % w 25 meV 25 , and uj 15 % > 50 meV. 26 
the temperature dependence of ^JJ(w)i.5k cl 
a<0oss uj of 20 meV as[s]iown in Fig. 5(b). V\ 
ing temperature, 5^ decreases and appears t 
at about 300 K (-025 meV in energy units, 
sistency between the crossover energy and 1 
is also seen in Lai 976Sro 024CUO4. 7 Alterr 

0' 



incommensurability 5 U may remain non-zero up to the 
highest measured energy transfers, if we assume a con- 
stant Kuj.t = 0.04 r.l.u. for the whole energy range. This 
restriction appears to be less likely, and the profiles shown 
in Figs. ^| and [| are fit better if an incommensurate-to- 
commensurate cross-over does indeed occur. 

In superconducting Lai.g3Sro.o7Cu04, the observa- 
tions of an enhancement of x" i 10 ) a t low uj, the scal- 
ing function with a form of tan~ 1 (w/keT), and the 
incommensurate-to-commensurate crossover at a finite 
energy, are all reminiscent of the behavior obser ved 4 
the non-superconducting spin-glass compositions.liaO 
Even though the positions of the elastic incommensu- 
rate scattering changes dramatically as the doping level 
crosses the insulator-to-superconductor boundary,!! it ap- 
pears that the behavior of the inelastic spin excitations 
evolves quite smoothly. This is consistent with the ap- 
parent observation of spin-glass ordering in the under- 
doped superconducting region observed by fiSK measure- 
ments. El'Ea Also, the saturation of k, J % below 10 meV or 

n 

100 K in Fig. 0(a) is similar to the behavior qf-the inverse 
correlation lengths of spin-glass compoundsJl3 



IV. CONCLUSION 

We have conducted magnetic inelastic neutron scatter- 
ing experiments on Lai.93Sro.o7CuC>4 over a wide range 
of u) and T. The low-energy incommensurate fluctua- 
tions are enhanced at low T, with no indication of a 
magnetic gap in this underdoped superconductor. The 
dependence of x"( w ) 011 T and u> is observed to depend 
primarily on the scaled valuable (w/ksT). By follow- 
ing the scattering profiles to high energy, we conjecture 
that an incommensurate-to-commensurate crossover oc- 
curs at uj ~ 20 meV or T ~ 300 K. These results are 
qualitatively similar to the behavior observed in the non- 
superconducting spin-glass compositions, despite the fact 
that the positions of the incommensurate peaks change 
drastically across the insulator-superconductor boundary 
of the LSCO phase diagram. The behavior of this mate- 
rial Lai.93Sro.o7Cu04 is a crucial link in the chain of un- 
derstanding how the static and dynamic spin correlations 
evolve from the insulator to the optimal superconductor. 
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